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27Introduction
Multiferroic materials are interesting systems that exhibit transitions
associated with both ferroelectric and magnetic order.[1] Generally,
ferroelectric order is a product of relative structural shifts in the
crystal lattice between negative and positive ions, which results in
a dipole moment. Magnetism arises from electron ordering in ions
with incomplete d orbitals. The combination of the two types of
ordering within a material gives rise to interesting theoretical ques-
tions and can give rise to numerous applications for next generation
electronics.[2] Lead ferroniobate, Pb(Fe0.5Nb0.5)O3 (PFN), falls into this
class of multiferroic materials. PFN not only exhibits magnetic order-
ing but it also displays piezoelectric and pyroelectric properties,
making it a promisingmaterial for use inmulti-functional devices.[3,4]
However, the combination of all of these properties introduces
complexity that is not fully understood in this material.
Lead ferroniobate shows compositional chemical disorder on the
B-site of its perovskite structure, so that if one of the unit cells of the
structure has Fe3+ (d5, S = 5/2) on its B-site, then any adjunct B-site
may contain either magnetic Fe3+ or nonmagnetic Nb5+. Such
chemical disorder would yield a charge imbalance in the local struc-
ture. Consequently, in order to avoid such a charge imbalance, the
system creates short-range ordered regions, which are embedded
in the disordered matrix. These short-range ordered regions are as-
sociated with the polar properties and are referred to as polar
nanoregions (PNR). Experimental evidence for the presence of
locally ordered regions has been obtained from transmission
electron microscopy, which indicates chemical short-range order
in a prototype relaxor Pb(Mg1/3Nb2/3)O3 (PMN).
[5] Specifically, 1 : 1
ordered domains 50Å in size are formed in the material. These
short-range ordered regions are the main cause of relaxor behavior
in ferroelectric materials such as PFN.[6,7] Relaxor ferroelectrics are
characterized by dispersion in the dielectric response that differs
greatly from classic ferroelectrics. Relaxor ferroelectrics also have
diffuse phase transitions and increased Raman activity due to
relaxation of Raman selection rules.[8]J. Raman Spectrosc. 2016, 47, 227–232A previous x-ray diffraction study suggested a paraelectric Pm-
3m phase of PFN above TC = 376 K, and a ferroelectric tetragonal
phase in the temperature range 355–376 K with an assignment of
P4mm.[9,10] A Neel temperature of 153K for the antiferromagnetic
to paramagnetic transition suggests a phase stable at ambient pres-
sure between between 153 and 355K, which has generated strong
debate. Both rhomobohedral R3m and monoclinic Cm space
groups were assigned to this phase in previous studies.[9] The only
previous high-pressure work on this material at room temperature
suggests two phase transitions as a function of pressure: from ferro-
electric R3m to ferroelectric Cm at 5.0GPa and from ferroelectric
Cm to ferroelectric Pm at 8.5GPa.[11] In the work of Kozlenko
et al.,[11], the proposal that PFN does not lose ferroelectric proper-
ties at high pressure was based on speculation arising from earlier
studies on lead titanate,[12,13] but is without any experimental
evidence.
In order to further probe the properties of PFN, we used high-
pressure and high-temperature techniques to drive physical and
chemical changes within the material. This experimental approach
provides insight into the P-T phase diagram of PFN so that
multiferroic properties and signatures may be uncovered. Raman
scatteringwas used in order to probe the local structure of the sam-
ple with changes in pressure and temperature.[14] Our experimental
setup has allowed us to measure the lowest wavenumber peaksCopyright © 2015 John Wiley & Sons, Ltd.
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28down to~20 cm1, which were not measured in earlier work.[11]
These low wavenumber peaks play an important role in determin-
ing phase transitions of classic ferroelectrics via a soft optical
mode.[15] In relaxor systems, the soft modes are over-damped
because of the coupling between soft-modes and PNRs.[16]
However, thesemodes still may play an important role in discerning
phase transitions. It is important to note that due to the relaxor
ferroelectric behavior of PFN and the formation of polar
nanoregions because of B-site perovskite disorder, the local struc-
ture will differ from the average structure. In addition, as shown in
previous studies,[17] important information can be extracted from
the Raman intensity for perovskite-like materials. Raman scattering
is therefore an invaluable tool for extracting information from these
complex systems.Figure 1. Typical Raman spectra of Pb(Fe0.5Nb0.5)O3 at selected pressures
and room temperature. The spectra were corrected by the thermal Bose–
Einstein population factor. The spectra can be separated into three regions:
below 200 cm1 and indicated as I in the figure; between 200 and 450 cm1
and indicated as II; and the region above 450 cm1 indicated as III. It is clear
that the lowest wavenumber peak shows drastic broadening above 5GPa
and a splitting above 8GPa, indicative of the structural transitions. Dashed
lines are used to emphasize peak position trends between spectrum.Experimental techniques
The PFN sample was synthesized using a procedure similar to that
described in detail in a previous study.[11] The single crystal sample,
with a lateral size of 40μm and thickness of 15μm, was loaded into
a diamond anvil cell (DAC). A 25-μm-thick stainless steel gasket with
a 13-μm-diameter hole was used as the sample chamber. Raman
grade diamond anvils with a culet size of 300μm were used with
a symmetric DAC. Two different types of pressure medium were
used. A 4 : 1 methanol/ethanol mixture was used for 0–12GPa
experiments and argon for the 7–40GPa data set as well as for all
temperature-dependent measurements.[18] Pressure was deter-
mined in both cases by the ruby fluorescence technique.[19,20] As
examples, the photo-images of loaded samples are shown in Fig.
S1(Supporting Information).[21]
Temperature was controlled by the use of a Variac-powered bulk
DAC heating apparatus that was reliable in heating the entire sam-
ple in our desired temperature range from ambient temperature to
about 415K. A K-type (Chromel-Alumel) thermocouple was used to
determine the temperature. Four distinct pressures were chosen:
2.0, 2.9, 4.0, and 7.5GPa. At these selected pressures, the cell was
heated using the bulk heater, and the Raman spectra were
measured at approximately 10 K increments. Pressure changes in
the system during heating were measured via the ruby fluores-
cence temperature-dependent technique.[20]
All Raman spectra were measured using a Princeton Instruments
Acton SP2300 spectrometer paired with a CCD and a solid-state
diode excitation laser with 532nm source wavelength. Laser power
is about 7mW before entering the DAC. For all experiments, an
1800BLZ grating was used, and the Raman signal was measured
in the backscattering geometry with an average collection time of
300 s. The use of ultra-fine notch filters (Ondax Inc.) allowed
measurements of spectra to approximately 20 cm1. We used a
long working distance, Mitutoyo 20X objective with a numerical
aperture of 0.28, and our microscopic Raman system has a spatial
resolution of 1.14μm.Results and discussion
Pressure dependence
The Raman spectra of PFN were first measured at selected pres-
sures at room temperature. A raw spectral pressure evolution is
shown in Fig. S2 (Supporting Information)[21], and corrected spec-
tral evolution is shown in Fig. 1. Some of the details of the spectrawileyonlinelibrary.com/journal/jrs Copyright © 2015 Johcorrections and Raman active modes in relevant space groups
(Table S1) are given in the Supporting Information.[21]
There are three distinct regions denoted I, II, and III for ease of
analysis (Fig. 1). Region I denotes low wavenumber peaks, attrib-
uted to localization of Pb atoms,[22] from 20 to 200 cm1; these
showed a drastic change as a function of pressure as emphasized
in Fig. S3 (Supporting Information). The lowest peak at 60 cm1
decreased in intensity throughout, and the formation of a new
peak occurred approximately 105 cm1 at 8.5 GPa; hardened with
pressure and increased in intensity until 24GPa before weakening.
Region II includes the middle wavenumber peaks. These are due to
Pb–O bond stretching modes from 200 to 400 cm1 and
Fe–O/Nb–O bending modes[23] from 400 to 530 cm1. In this
region, there are three prominent features: the broad band from
200 to 325 cm1, which decreased in intensity as pressure
increased, the formation of a new peak at around 6GPa and cen-
tered at 378 cm1 that displayed marginal pressure evolution, and
the peak at 435 cm1, which hardened slightly and showed some
broadening with pressure. Region III shows the highest wavenum-
ber modes, which also showed some significant changes with pres-
sure. All of these modes are attributed to BO6 (B= Fe or Nb)
octahedral vibrations.[23] Notably, the broad band from 530 to
630 cm1 showed a decrease in intensity as well as hardening with
pressure, while the peak centered at 800 cm1 showed virtually no
change in intensity or width with pressure but did display consider-
able hardening.[23] The most distinct change is the formation of a
shoulder on the 800 cm1 peak at about 8.5GPa, which increased
in intensity through its pressure evolution and displayed hardening
behavior similar to the peak centered at 800 cm1.n Wiley & Sons, Ltd. J. Raman Spectrosc. 2016, 47, 227–232
High P–T Raman study of transitions in Pb(Fe0.5Nb0.5)O3The correct method for analyzing the Raman spectra of relaxor
ferroelectrics is still open to debate because of their inherent com-
positional complexity as well as chemical and structural disorder in
the lattice. These types of disorder relax the Raman selection rules
and cause broadening of spectral peaks. The observed Raman spec-
tra from relaxor ferroelectrics do not clearly represent the phonon
density of states or regular vibrational spectra exclusively. However,
many previous studies have analyzed the Raman spectra of relaxor
ferroelectrics by the use of the damped harmonic oscillator
model.[24,25] In addition, the low temperature Raman spectra of
PMN[23] or PFN[26] showed sharper peaks than that of room temper-
ature spectra, indicating that the observed spectra represented the
vibrational spectra predominantly at low temperature. However,
because of the broad nature of the Raman spectra of these mate-
rials, it will be difficult to use the damped harmonic oscillation
model to analyze the observed Raman spectra.
In order to understand the structural transitions, we carefully
inspected the spectrum at each pressure and temperature to
obtain the spectral evolution as the function of pressure and
temperature. The detailed procedures are provided in the
Supporting Information.[21] An example of fitting is shown in
Fig. S4 (Supporting Information). It should be noted that because
the Raman selection rules are relaxed in these chemically disor-
dered relaxor perovskite systems, more peaks are active than are
theoretically allowed based on the space group assignments. In
Fig. S3 (Supporting Information), the low wavenumber region of
the spectra are shown at the selected pressures and at room tem-
perature. It is clear that the lowest wavenumber peak shows drastic
broadening above 5.5GPa indicative of a transition; subsequently,
same band shows splitting above 8GPa indicative of another tran-
sition. In Fig. 2, a peak positions of low wavenumber modes are
shown as a function of pressure at room temperature.
All modes displayed hardening behavior; and the behavior of
some particular peaks indicated phase transitions. It should be
noted that because of the relaxor behavior of PFN, phase transitions
are diffuse, unlike classic ferroelectrics, which made detecting
phase transitions more difficult and less straightforward. Nonethe-
less, particular peak behaviors were evaluated as a function of
pressure evolution to detect discontinuities.
Analysis of the corrected spectra qualitatively showed possible
phase transitions at 5.5, 8.5, and 24GPa and these are supported
by the analysis of peak position as a function of pressure. FromFigure 2. Peak positions of low wavenumber modes as the function of
pressure at room temperature.
J. Raman Spectrosc. 2016, 47, 227–232 Copyright © 2015 John5.5 to 8.7GPa (Fig. 2), all three low wavenumber mode showed a
drastic change in slope and rapid softening, while above 8.7GPa,
all three modes began to harden and showed an increase in slope.
The discontinuity at 24GPa is emphasized in Fig. 2. All middle
wavenumber peaks showed rapid hardening from 8.7 to 24GPa,
but at pressures higher than 24GPa, they showed a drastic change
in slope. These sets of peaks are also of special interest for
perovskite ferroelectrics.[5] The 8.7GPa phase transition is also
characterized by the appearance of a new peak at 375 cm1; while
the 5.5GPa transition is characterized by the weakening of the
highest wavenumber peak at 900 cm1. Overall, these results
suggest three phase transitions at room temperature as a function
of pressure, at 5.5, 8.7, and 24GPa.
Temperature dependence
Four distinct pressures (2.0, 2.9, 4.0, and 7.5GPa) were selected to
measure the temperature dependence of the Raman signal from
ambient temperature to 415 K. Similar experimental procedures
were followed for the pressure dependence experiment, but it is
important to note that a steady temperature was approximated
between measurements using the selective output control of
the Variac-powered bulk heating apparatus. Qualitative analysis
of spectra as a function of temperature is less fruitful than that of
pressure and should be attributed to the more dynamic effect of
pressure on crystal systems. One temperature evolution in particu-
lar, the 2.0GPa base pressure set, showed a distinct spectral
change. We attribute this to the continuation of the tetragonal
P4mm phase proposed by Bonny et al.[9] at ambient pressure. This
spectral evolution is shown in Fig. 3.
The remaining temperature evolution at the selected pressures
showsminimal spectral change. The peaks that showed the clearest
discontinuities for each pressure as a function of temperature are
shown in Fig. 4 and labeled accordingly. First, we evaluate the tem-
perature dependence of the Raman spectra for the pressure of
2.0GPa. Figure 3 shows two phase transitions within the tempera-
ture evolution as inferred from the behavior of middle wavenum-
ber peaks with temperature. Two phase transitions at this
pressure and temperature evolution support the conclusion of
Bonny et al.[9] for an intermediate tetragonal phase from 355 to
376K. Our data support the persistence of this intermediate tetrag-
onal phase, even at this increased pressure, between 335 and 365K.R
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Figure 3. Raman spectra of Pb(Fe0.5Nb0.5)O3 at selected temperatures
at 2.0 (±0.5) GPa. Spectra were corrected by the thermal Bose–Einsten
population factor. The spectral range was from 20 to 1100 cm1 via our
experimental setup. A clear qualitative change is seen in the range of
369–374 K.
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30Higher than 365K, the system adapts a cubic structure in agree-
ment with previous work.[9] At the next base pressure, 2.9GPa, we
observe only one phase transition at 348K, best represented by
the temperature dependence of the lowest wavenumber peaks.
Only one phase transition at this pressure suggested the extinction
of the tetragonal phase. At 4.0GPa, the temperature dependence
displayed one phase transition and followed the trend observed
at 2.9GPa. One phase transition justified the previous assumption
concerning the extinction of the tetragonal phase, and the
transition to the cubic phase showed an appreciable decrease in
temperature as pressure was increased. The next base pressure
chosen was 7.5GPa, and this pressure gap was selected purpose-
fully in order to probe the region between 5.5 and 8.7GPa at
ambient temperature for possible phase transitions. Similar to
previous measurements, only one phase transition was noted at
332 K, to the cubic phase.
Impact of magnetic Fe3+
Unlike other well-known lead oxide perovskites, PFN contains a
magnetic B-site ion (Fe3+, d5, S = 5/2). It is this magnetic moment
that plays an important role in the possible magnetoelectric cou-
pling within the system. As proposed in the work of Garcia et al.,[26]
the spin–phonon coupling[27] could be the origin for the anoma-
lous softening behavior of the Raman bands below the Neel
temperature (TN=153K) at ambient pressure. Such spin–phonon
coupling could originate from the Fe–O–Nb stretching modes,Figure 4. Temperature evolution of peak position for all four base
pressures: (a) 2.0 (±0.5) GPa, (b) 2.9 (±0.4) GPa, (c) 7.5 (±0.1) GPa, and (d) 4.0
(±0.2) GPa. Vertical dashed lines denote possible phase transitions marked by
peak position discontinuities as a function of temperature; the temperature at
these proposed phase transitions are marked as well. Other dashed lines are
used to emphasize peak position trends between measurements.
wileyonlinelibrary.com/journal/jrs Copyright © 2015 Johwhich in turn would modulate the Fe–O–Nb–O–Fe superexchange
interactions in the antiferromagnetic-ordered phase below TN. In
addition, in a previous study,[28] the authors report dielectric
anomalies around the Neel temperature indicative of strong
magnetoelectric coupling in PFN below TN.
Because our measurements were limited to room temperature
and above, wewere not able to obtain direct information regarding
the magnetic and ferroelectric coupling. However, by directly
comparing the pressure evolution of Raman spectra for PFN and
Pb(Sc0.5Nb0.5)O3 (PSN), where PSN contains Sc
3+, which has a d0
configuration and therefore no magnetic moment,[15] we can
obtain useful insight into the effect of the Fe3+ ion. A comparison
of spectra at ambient pressure is shown in Fig. 5. Although both
PFN and PSN are ferroelectric (R3m) at 300 K and ambient pressure,
the Raman spectrum of PFN shows much broader features than
that of PSN. In the work of Blinc et al.,[29] the authors proposed that
PFN shows antiferromagnetic ordering below TN and short-range
magnetic ordering above TN, which originates from the formation
of superparamagnetic clusters. These superparamagnetic clusters
may further interfere with the Raman selection rule, in addition to
the effect of PNR, and cause further broadening of Raman bands
as seen in Fig. 5.
The peak appearing around 1100 cm1 was assigned to a two-
phonon process due to the interaction of Fe-sublattices.[26] TheFigure 5. A comparison of Raman spectra for Pb(Fe0.5Nb0.5)O3 (PFN) and
Pb(Sc0.5Nb0.5)O3 (PSN). PFN contains Fe
3+, which has a d5 configuration
and Fe3+ sublattices, which form the superparamagnetic clusters in
addition to the PNRs; this causes broadening of the Raman bands. PSN
however contains Sc3+, which has a d0 configuration and therefore no
magnetic moment. Both systems have the same B-site disorder as well as
secondary B-site cation, Nb5+. A comparison of the two Raman spectra
may help to elucidate the impact of magnetic Fe3+ on the system and
possible magnetoelectric coupling. (b) Comparison of two-phonon region
between PFN and PSN at ambient pressure. (c) Two-phonon interaction
mode due to Fe-sublattice interactions at 1100 cm1 at selected pressures.
The two-phonon mode is clearly evident up to 14 GPa and its intensity
becomes weaker with increased pressure above 14GPa.
n Wiley & Sons, Ltd. J. Raman Spectrosc. 2016, 47, 227–232
High P–T Raman study of transitions in Pb(Fe0.5Nb0.5)O3intense two-phonon peak at 10 K decreases with increasing tem-
perature but persists up to room temperature. We observed this
two-phonon peak up to 14GPa at room temperature, but above
14GPa, the two-phonon peak appeared weaker as shown in Fig. 5
(b) and (c). This two-phonon peak was also found in studies of
multiferroic BiFeO3
[30] and was modeled with respect to the
FeO6 octahedral rotations, which in turn affect the superexchange
because superexchange is heavily dependent on bond angles.
The same consideration would follow for PFN as mentioned previ-
ously, so that this octahedral rotation plays a critical role in the
weak magnetism of PFN above the Neel temperature.[30] Due to
the increasing evidence for the importance of this two-phonon
peak in terms of the superexchange in antiferromagnetism as well
as the elucidation of magnetoelectric coupling, we suggest the
further investigation of this particular peak.
When comparing the pressure evolution of Raman spectra in
both PFN and PSN systems, the qualitative differences are in the
lowest wavenumber peaks (centered at 50 cm1), which corre-
spond to localized Pb atomic movements, and the highest wave-
number peaks, which correspond to BO6 breathing modes. In
PFN, we see the splitting of the lowest wavenumber mode starting
at around 9GPa, whereas in PSN[25] there is no change in the lowest
wavenumber mode apart from a slight intensity change. Both PFN
and PSN[25] show the formation and hardening of the shoulder
peak at 780 cm1, but in the PFN system, we see a much higher
intensity shift with pressure evolution.
P–T phase diagram
We have combined in Fig. 6 our pressure and temperature experi-
ments into a P–T phase diagram that depicts all phase transitions
from our experimental data as well as those from previous work.
We have supported previous work for the appearance of three
phase transitions from room temperature to 415 K in the low pres-
sure region below 3GPa. Our data on the temperature evolution at
2.0GPa±0.5GPa showed the appearance of the intermediate
tetragonal P4mm phase observed also by Bonny et al.[9] The correct500
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Figure 6. P–T phase diagram of Pb(Fe0.5Nb0.5)O3. Pressure error bars for
temperature evolution as well as experimental error are displayed by
horizontal bars. Temperature error bars are contained within the symbol
size. All solid lines show expected phase boundaries while dotted lines are
extrapolated phase boundaries via data trends. The phase boundary at
8.7GPa is placed only to acknowledge its existence and its shape is
arbitrary. Space group assignments are tentative as the nature of the
ferroelectric R3m phase is still debated.
J. Raman Spectrosc. 2016, 47, 227–232 Copyright © 2015 Johnspace group assignment for the ferroelectric R3m phase is still
debated. Kozlenko et al.[11] proposed space group assignments,
based on both X-ray and Raman data for the 6–8GPa regions at
room temperature as well as the region above 8.7GPa at room
temperature, as Cm and Pm, respectively. There clearly is a need
for additional second harmonic generation experiments, so that
these regions may be conclusively assigned as ferroelectric. The
assignments by Kozlenko et al.[11] contradict the conventional
understanding that ferroelectricity is suppressed at high pressure.
The phase diagram illustrates that the ferroelectric phase at room
temperature and pressure covers a wide region from 175 to 330 K
and 0–5GPa. This region is one of the most prominent for magne-
toelectric coupling because of the transitions from antiferromag-
netic to ferroelectric behavior. For application to technical
devices, PFN offers a wide range of temperature and pressure at
which this coupling is possible.2
31Conclusions
We employed Raman scattering combined with DAC methods to
study the vibrational and structural properties of PFN from ambient
to 40 GPa and 300 K to 415K at selected pressures. We found that
structural transitions occurred at 5.5, 8.7, and 24GPa at room
temperature. The two-phonon peak at 1100 cm1, originating from
the Fe sublattice, may correlate to the superparamagnetic clusters
and show weak pressure dependence up to 14GPa at room
temperature. Because of the existence of superparamagnetic
clusters in addition to the PNRs, the observed Raman spectra show
much broader features than that of classical nonmagnetic relaxors,
such as PSN. Two phase transitions are noted at 1.5GPa, at 335 and
365K, consistent with the appearance of an intermediate tetrago-
nal phase between ferroelectric to paraelectric phases. At 2.9, 4.0,
and 7.5GPa, the material shows only one phase transition which
occurs at 337, 348, and 332K respectively. A P–T phase diagram is
provided that highlight the region magnetoelectric coupling at
ambient conditions.
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